Apoptosis is a caspase-dependent mode of regulated cell death that is indispensable for the morphogenesis, development and homeostasis of multicellular organisms; the dysregulation of apoptosis is often linked to cancer and neurodegenerative disorders.
| INTRODUC TI ON
Apoptosis is a caspase-dependent mode of regulated cell death that is indispensable for the morphogenesis, development and homeostasis of multicellular organisms; the dysregulation of apoptosis is often linked to cancer and neurodegenerative disorders. 1 Caspases are cysteine-dependent aspartate-specific proteases, which function as both the initiators (caspase-2, -8, -9, -10) and executors (caspase-3, -6, -7) of apoptotic cell death. The executioner caspases are also considered the main proteases responsible for the dismantling of intracellular compartments during apoptosis. Over 520 caspase substrates have been experimentally determined, and more than 2000 proteins have also been shown to be cleaved by caspases in recent mass spectrometry studies. [2] [3] [4] Notably, whereas procaspases are normally located in the cytosol, their substrates seem to be evenly distributed among all of the intracellular compartments. 3 However, the mechanisms by which these cytosolic proteases perform the cleavage of proteins located inside the isolated cellular organelles remain largely elusive.
Apoptotic changes in the nuclear morphology were described as early as 1972. 5 Some of them, namely chromatin condensation and DNA fragmentation, were generally accepted as the hallmarks of apoptosis and are widely used for the detection of this cell death mode. However, some of the apoptotic changes, such as alterations of the nuclear envelope (NE) structure that precede the breakdown of the nucleus, have been much less thoroughly investigated. Later, the significance of the NE rearrangements, as well as of the changes in the nucleocytoplasmic transport system, in the course of apoptotic cell death was re-evaluated. 6 In this way, the redistribution of proapoptotic and some anti-apoptotic factors was considered an important and, in some cases, even essential step for the amplification of the death signal. Since then, the amount of data showing that apoptotic function of proteins depends on their localization has increased, further supporting the aforementioned notion. Additionally, the regulation of post-translational modifications not only of cargo molecules, but also of transport factors, was shown to play an important role.
Here, we aim to present the current state of knowledge regarding the alterations in nucleocytoplasmic transport during apoptosis.
As caspases, the major players in apoptosis, not only translocate to the nucleus in the course of this type of cell death, but also alter the NE structure and directly regulate the transport of other apoptosisrelated factors, their role in this process will be discussed in detail.
Our particular attention will be focused on caspase nuclear entry and functions in response to apoptotic stimuli.
| AP OP TOS IS-INDUCED ALTER ATIONS IN THE NUCLEOC Y TOPL A S MIC TR ANS P ORT S YS TEM
The exchange of factors between the cytoplasm and the nucleus of eukaryotic cells is indispensable for their normal functions and the coordination of cellular stress responses. 7 Two mechanisms, namely passive diffusion and active translocation, facilitate nucleocytoplasmic exchange and both are predominantly carried out through the nuclear pore complexes (NPCs) embedded in the NE.
The NPC is a large assembly of ∼500 copies of ∼30 protein molecules known as nucleoporins (Nups). 8 Nups can be divided into three classes: (i) transmembrane Nups that anchor the NPC in the NE, (ii) structural Nups that stabilize the NE and the NPCs, (iii) Nups that are rich in natively disordered phenylalanine-glycine (FG) repeats, which coordinate both passive and active transport through the NPC. The control of passive diffusion is achieved by the formation of a filter that inhibits the translocation of molecules larger than ∼40 kDa.
9-11
The active transport allowing the translocation of large macromolecules is accomplished via direct interactions between FG repeats and nuclear transport receptors termed karyopherins (importins and exportins). 12 Thus, to actively pass through the NPC, a protein must contain a nuclear localization signal (NLS) or nuclear exports signal (NES) and form complexes with importins or exportins, respectively.
The energy and directionality of the process is provided by the small GTPase, Ras-related nuclear protein, Ran (see reviews 10, 11 for the general steps of the nucleocytoplasmic transport).
The induction of apoptosis leads to multiple alterations in the nucleocytoplasmic transport system. These changes, as well as chromatin condensation and DNA fragmentation, are mediated by both caspase-dependent and -independent mechanisms. [13] [14] [15] Early alterations in the system of nucleocytoplasmic transport include the redistribution of transport factors, primarily Ran. 16, 17 Normally, the cytoplasmic Ran is bound to GDP, which is achieved through the cytoplasmic Ran-GTPase-activating protein (RanGAP). On the contrary, in the nucleus, due to the activity of Ran guanine nucleotide exchange factor (RanGEF or RCC1), Ran is predominantly present as Ran-GTP. In response to different stress stimuli, including apoptosis, Ran translocates to the cytoplasm, where it is rapidly converted to Ran-GDP by RanGAP. Consequently, nuclear and cellular pools of Ran-GTP are reduced, leading to perturbations in the distribution of other nucleocytoplasmic transport factors.
Another feature of apoptosis induction is a change in the composition of importin complexes. As the dissociation of import complexes seems to be inhibited due to reduced level of Ran-GTP, the nuclear accumulation of importin α and β bound to the NLScontaining proteins is observed. Thus, importin α was shown to migrate from the cytoplasm into the nucleus under oxidative stress and heat shock, 18, 19 and most of the importin family members translocate to the nucleus at least in response to oxidative stress. 20 The physiological outcomes of the sequestration of importins in the nucleus vary depending on which of the isoforms is involved and which substrate is failed to be transported. [21] [22] [23] For example, while the reduced nuclear uptake of pro-apoptotic factors with a classical NLS, such as apoptosis-inducing factor (AIF) 24 or DEDD, 25 should promote apoptotic cell death, the impaired movement of nuclear factor-kappa B (NF-κB) to the nucleus, on the contrary, accelerates apoptosis. [26] [27] [28] At the same time, a protracted and substantial inhibition of nuclear import also leads to the induction of cell death. 23 Not only NLS-dependent protein import, but all the pathways of regulated nuclear transport are generally suppressed upon the apoptoticmediated disruption of the Ran-GTP gradient. 16, [29] [30] [31] [32] At the same time, during apoptosis nonspecific permeability of the nuclear membrane increases, which makes the entry of at least 70 kDa molecules into the nucleus possible. 17 The described mechanism by which Ran-GTP can directly control NPC size-cutoff involves Ran-GTP-mediated regulation of the interaction between importin-β and Nup153. 33 Initially, early apoptotic changes in the distribution of nuclear transport factors were reported to occur prior to caspase activation and shown to be insensitive to pan-caspase inhibitors. 16, 17 However, caspase-9 activity was later shown to be required for the release of Ran upon TNF-α treatment. 34 Moreover, caspase-9 mediates a breakdown of the hydrophobicity-based barrier inside NPC channel, increasing NE leakiness. 15 On the other hand, in another study, the disruption of Ran-mediated nuclear transport after 5-flurouracil treatment was shown to precede caspase-9 activation, indicating the caspase-independent increase in NPC permeability. 35 Consequently, the role of caspases in early apoptosis-mediated alterations of nucleocytoplasmic transport remains controversial and demands further investigation.
Additionally, caspases could indirectly change the Ran-GTP gradient. For example, the caspase-dependent translocation of mammalian Sterile 20-like kinase 1 (Mst1) to the nucleus prior to NE rearrangements was shown to result in a decrease in nuclear Ran-GTP level upon etoposide treatment. 26 When in the nucleus, Mst1 catalyses the phosphorylation of histone H2B at Ser14. This modification causes the immobilization of RanGEF on chromosomes and leads to a significant decrease in the nuclear levels of Ran-GTP, which is generated only when the RanGEF-Ran binary complex is dissociated from the nucleosome. 36 Importantly, according to the findings of Wong et al, Mst1 function is also essential for the prevention of NF-κB entry into the nucleus, which downregulates NF-κB-mediated anti-apoptotic pathway. 26 The later steps of apoptotic cell death include irreversible caspase-mediated alterations of the nuclear structure, namely the cleavage of components of the NPC, although the NPCs appear to be morphologically intact. [37] [38] [39] Apart from changes in the NPC structure, caspase-mediated proteolysis of the nuclear lamina and a number of nuclear matrix proteins constitutes another important step that promotes nuclear disruption following the induction of apoptosis. [40] [41] [42] Yet again, despite the degradation of both internal and external components of the NPC and nuclear lamina during apoptosis, the general structure of the NE was reported to remain preserved. 14 As components of the NE associate with each other and the filaments of the nuclear lamina, Nups and some other proteins of the nuclear membrane on the nucleoplasmic side, 43 alterations in the NE structure affect nucleocytoplasmic transport, and the further proteolysis of NE components finally disrupts the connection between the NE and chromatin.
Taken together, disturbances in both the distribution of nuclear factors and the NE structure following apoptosis, as well as other stress stimuli, lead to the inhibition of the regulated nucleocytoplasmic transport. The changes observed during apoptosis are implemented via both caspase-dependent and -independent mechanisms.
Caspase-mediated proteolysis of the NPC components is thought to push the nucleocytoplasmic transport from strictly controlled exchange of the nuclear and cytoplasmic components to a less regulated traffic. Although caspase-dependent mechanisms undoubtedly play a key role in the latter stages of apoptosis, their functions in the early rearrangements of the transport system are not fully understood.
| AP OP TOTI C C A S PA S E S TARG E T NUCLEOC Y TOPL A S MIC TR ANS P ORT COMP ONENTS AND PROTEIN S MAINTAINING NUCLE AR INTEG RIT Y
A number of nuclear proteins have been reported to be cleaved by caspases during apoptosis ( Table 1 ). Many of these nuclear targets of caspases are components of the NE; therefore, its proteolysis contributes to NE breakdown during apoptotic cell death ( Figure 1 ). The nuclear substrates of caspases can be classified into three groups:
(i) components of the NPC and nuclear export-import system (eg, Nups and importins), (ii) structural proteins maintaining nuclear integrity, (iii) intranuclear substrates (eg, poly ADP-ribose polymerase (PARP-1) 44 ). Below, we discuss the substrates from groups 1 and 2, the cleavage of which disrupts barrier function of the nuclear membrane and nuclear structure ( Table 1 ).
The cleavage of a substrate from the first group leads to the deregulation of nucleoplasmic transport and an increase in nuclear membrane leakiness. In particular, out of thirty Nups of the NPC, eight are known to be caspase targets ( Figure 1 ). The destruction of the central core Nup96 and Nup93 was proposed to be a major cause of the impairment of the NPC function. 45 Of particular note, Nup214 results in the redistribution of importins, which inhibits nucleocytoplasmic transport. 47, 48 Additionally, Nup50, which is involved in nuclear protein export and import, is also cleaved in apoptotic cells. The cleavage of Nup50 blocks interaction with Nup153, causing a decrease in nuclear import. 45, 49 On the other hand, nucleocytoplasmic transport factors, including importins α and β, are subjected to cleavage by caspases during apoptosis ( Figure 1 ). 16 These factors can be linked to NPC components. For example, Nup153 interacts with importin β, which regulates the permeability of NPC in a Ran-dependent manner. 33 Moreover, Nup153 is a binding partner of importin α, interaction with which is important for NLS-mediated import. 50 Consequently, after the induction of apoptosis, the caspase-dependent decrease in Nup153 or/and importin levels might enhance passive diffusion across the NPC, although active transport is impaired.
Notably, several dozens of potential caspase substrates were found in the nucleus. 2 The essential part of them is involved in nucleocytoplasmic transport, but these proteins are not discussed here because the biological significance of their caspase-dependent cleavage has not yet been determined.
In the later stages of apoptosis, caspases target structural proteins of the NE, including lamins, which presents one of the classical features of the demolition phase of apoptosis.
A/C-and B-type lamins are preferentially cleaved by caspase-6
( Figure 1 ). 40, 41 Moreover, caspase-dependent proteolysis of the 16, 138 Importin β Inhibition of classical nuclear import 16 Lamins A/C -type Disruption of nuclear integrity 40, 41 Lamins B-type Disruption of nuclear integrity 40, 41 Nuclear Mitotic Apparatus protein (NuMA) Disruption of nuclear integrity 51, 139 LAP2β Detachment of NE from chromatin Moreover, a well-described mechanism in the demolition phase of apoptosis involves cleavage of the rho-associated kinase 1 (ROCK1), leading to its activation, which in turn drives the contraction of the actin-myosin cytoskeleton and promotes the breakdown of the NE. 55 In summary, during the early steps of apoptosis, disruption of the NPCs and the nuclear permeability barrier allows caspases to enter the nuclei and then cleave the components of the nuclear lamina and matrix. Hence, caspases play a crucial role not only in chromatin condensation and DNA fragmentation during the demolition phase of apoptosis, but also in the alterations of the nucleocytoplasmic transport system during early apoptotic stages.
| N UCLE AR TR AN S P ORT OF C A S PA S E S DURING AP OP TOS IS
Nuclear localization of caspase-3 was observed in early studies of apoptotic processes. 56, 57 However, 20 years later, due to the inconsistency and scarcity of the accumulated data on the subject, the redistribution of caspase-3 and other caspases during apoptosis is still a matter of debate.
Initially, caspase-3 was suggested to translocate into the nucleus using active transport. [58] [59] [60] In confirmation of this, nuclear entry of the p17/p12 caspase-3 fragments before the disruption of the nuclear and mitochondrial membranes was demonstrated. 61 However, another study described the nuclear appearance of active caspase-3 only after the breakdown of the nucleocytoplasmic barrier, suggesting that the translocation occurs by means of simple diffusion. 34 Nevertheless, the nuclear entry of active caspase-3 was thought to be a necessary step during apoptosis. [58] [59] [60] 62, 63 Thus, for example, the impaired nuclear transport of active caspase-3 was associated with the decreased sensitivity of non-small cell lung carcinoma cells to radiation and chemotherapy. 63 
Fluorescence resonance energy transfer (FRET) experiments
showed that in response to apoptotic stimuli caspase-3 activation initiates in the cytoplasm and subsequently proceeds in the F I G U R E 1 Caspases target components of the nucleocytoplasmic transport and proteins maintaining nuclear integrity. Caspases have been found to cleave at least 8 of 30 proteins of the NPC and importins (Table 1) , which leads to the destabilization of active transport.
Caspases are depicted as a pair of scissors nucleus. 64 Importantly, caspase-3 nuclear activation was detected before apoptotic changes in the nuclear morphology, suggesting the implementation of active transport mechanisms during the nuclear entry of caspase-3. Another study observed the nuclear translocation of caspase-3 exclusively after its two-step proteolysis and proposed a carrier protein for the nuclear transport of caspase-3. 65 Moreover, in microglia cells, the formation of p17/p12 heterotetramers in the cytoplasm and its subsequent nuclear entry were critical steps for the promotion of apoptosis. 65 The inhibition of the conversion of p19 caspase-3 subunit to p17 was facilitated by cellular IAP2, which led to the retention of p19/p12 caspase-3 in the cytoplasm and the development of a pro-inflammatory response. Taken together, the question of whether caspase-3 translocates into the nucleus as a proform or active form is still under debate. It is not inconceivable that the status of caspase-3 during the nuclear translocation depends on the cell type and that both forms of caspase-3 could translocate into the nucleus. Undoubtedly, the nuclear entry of caspase-3 is a critical step for the promotion of apoptosis promotion and the inhibition of its cellular redistribution results in a loss of sensitivity to cell death induction.
Interestingly, a functional Crm-1-independent NES was identified in the small subunit of caspase-3. 66 The proteolytic activity of caspase-3 was found to be necessary for blocking its NES, and, therefore, its export from the nucleus. 66 The inhibition of caspase-3 NES might be carried out by different mechanisms, for example, via the binding of caspase-3 to a nuclear protein. However, if caspase-3 was transported by a carrier, this protein would have to dissociate from caspase-3 to unblock its proteolytic activity. In this case, the NES of caspase-3 would again be exposed, leading to the export of caspase-3 back to the cytoplasm. More likely, the export of caspase-3 is impaired due to the degradation of the components, for instance, the related exportin and Nups. 66 The latter might serve as an explanation of the molecular mechanism of the amplification of caspase-3 activity in the nucleus during the demolition phase of apoptosis. Indeed, in the early stages of apoptosis, the nuclear export system is not yet impaired, and if caspase-3 penetrates into the nucleus it will be immediately exported due to its NES. However, upon the deregulation of the export system, caspase-3 accumulates in the nucleus, leading to its destruction at the later stages of apoptosis.
Nuclear localization of other active effector caspases, caspase-6 67,68 and -7, 69,70 in apoptotic cells was also reported.
Notably, correlation between the nuclear localization of caspase-7
and DNA degradation was observed. 69, 70 SUMOylation of caspases plays an important role in the control of their nuclear localization/ translocation. With respect to caspase-7, it possesses a SUMO-1 site, which is located in the large subunit of caspase-7 and was identified as a key regulator of its nuclear localization. 71 The data describing the role of caspase-6 in nuclear events are scarce; however, caspase-6 was found to cleave a number of nuclear substrates including lamina and huntingtin. 68 The inhibition of caspase-6-mediated proteolysis of the latter prevents the development of behavioural, motor and neuropathological features in a mouse model of Huntington disease. Interestingly, in the mantle cell lymphoma cells, the nuclear activity of caspase-6 can be blocked by Sox11. 72 It might be that a loss or mutation of the Sox11 gene results in the hyperactivation of caspase-6 in the nucleus and the development of Huntington disease. In addition, the role of Sox11 in suppressing the nuclear activity of other effector caspases was proposed, although the physiological significance of this effect is still unknown.
The nuclear translocation of initiator caspases following apoptosis induction was also shown. In particular, the nuclear entrance of caspase-8 was reported in a number of studies, 61, 73 although there is some controversy in the literature as there are also reports arguing only the cytoplasmic localization of caspase-8 and -10. 74 The described mechanisms of caspase-8 nuclear translocation also include a post-translational SUMOylation 75 and binding to the DEDcontaining proteins DEDD and DEDD2. 76 The detailed mechanism of the DEDD-and DEDD2-mediated translocation of caspase-8 remains elusive, but it was shown that caspase-8 nuclear accumulation preceded caspase-3 activation, suggesting carrier-mediated translocation before disruption of the nuclear barrier. 76 After its nuclear translocation, caspase-8 has been shown to amplify nuclear demolition via cleavage of the centromere protein (CENP)-C and inner CENP (INCENP), resulting in the severe disruption of the centromere structure. 77 Nuclear activity of another initiator caspase, caspase-2, was shown as early as 1994. 78 Among all caspases, only caspase-2 was described as a NLS-containing protein which is constitutively localized and supposedly activated in the nuclei. 74, [79] [80] [81] The presence of caspase-2 in the cytosol was reported, 61,79 but active caspase-2 was detected in the nuclear fraction upon the induction of apoptosis. 61 As for other caspases, SUMO-1 modification of the CARD domain of procaspase-2 was shown to be essential for its nuclear localization. 82 Moreover, caspase-2 was found to co-localize with promyelocytic leukemia protein nuclear bodies (PML-NBs). 83, 84 Therefore, it was proposed that PML-NBs could serve as the platforms for caspase-2 activation, and that SP100, one of the components of PML-NB that presumably contains a CARD domain, might directly interact with caspase-2. 83 The use of bimolecular fluorescence complementation (BiFC) to measure caspase-2 induced proximity in real-time demonstrated caspase-2 activation exclusively in the cytosol. 85 However, importantly, only the fragment of caspase-2 was used in this study that did not possess NLS. The obtained results were in accordance with the previous data, demonstrating that the disruption of caspase-2 NLS and abrogating its nuclear localization did not prevent caspase-2 from activation. 80, 81 Thus, the authors postulated that not the nuclear localization of caspase-2, but rather its binding to macromolecular complexes, is necessary for caspase-2 activation. 80, 85 However, the later study showed the appearance of two distinct caspase-2 activation complexes-one of them in the cytoplasm and the second in the nucleolus. 86 Given that caspase-2 is not only involved in the induction of apoptosis in response to DNA damage and other stimuli, but also functions as a tumour suppressor and in a number of other processes, 87 ,88 its nuclear localization might be important for maintaining the normal metabolism and the genetic stability of the cell, as well as playing a key role in ageing. Initially, the controversial issue of whether caspases are imported actively or passively enter the nucleus was addressed by
Ferrando-May et al. 6 It is generally thought that cargos smaller than ~40 kDa can slowly diffuse into the nucleus, and only larger cargos are actively imported by karyopherins. by caspases, which leads to the destruction of the selective NPC barrier. 45 Consequently, the NPC size exclusion limit increases, 17, 34 allowing the entry of larger proteins, such as caspases, into the nucleus. Nucleocytoplasmic barrier disruption also allows the leakage of resident nuclear proteins into the apoptotic cytoplasm, 34 although the contribution of such a release mechanism to apoptotic cell dynamics or execution has not been assessed. . 98 Moreover, the role of caspases in the nuclear translocation of endonuclease DNAS1L3
| ROLE OF C A S PA S E S IN THE DEMOLITI ON OF THE N UCLEUS DURING AP OP TOS IS
for inter-nucleosomal DNA fragmentation was also described. 99 It is important to note that apoptotic chromatin condensation and DNA fragmentation might occur in a caspase-independent manner. Thus, upon mitochondrial outer membrane permeabilization (MOMP), at least three intra-mitochondrial proteins, AIF, endonuclease G (EndoG) and HtrA2/Omi, are released and translocated into the nucleus in order to promote chromatin condensation and DNA fragmentation. 100, 101 EndoG is a DNase/RNase that induces interand intra-nucleosomal DNA cleavage. 102 AIF is a flavoprotein that indirectly triggers peripheral chromatin condensation and large-scale DNA fragmentation after its translocation to the nucleus. 24 Serine protease HtrA2 ⁄Omi after its release from the mitochondria upon MOMP also accumulates in the nucleus, leading to TAp73-mediated up-regulation of several pro-apoptotic genes, including bax and bak. 103 Thus, as proteases, caspases are not able to cleave DNA themselves; nevertheless, these proteases play an indispensable role in DNA fragmentation via proteolysis of their substrates and translocation of DNases into the nucleus.
Furthermore, nuclear targets of caspases include proteins that are important for various cellular processes. For instance, once the decision to die is made, there is no reason to spend further energy on DNA repair. Thus, proteins involved in DNA repair, eg, PARP-1, one of the first reported caspase substrates, are cleaved by caspases.
In the case of PARP-1, its degradation is suggested to also promote apoptosis ( Figure 2 ). 44 Notably, virtually all pathways of macromolecular synthesis, including DNA replication, RNA and protein Recently, it has been shown that among the caspase-targeted protein kinases, the cleavage of Mst1, protein kinase C delta (PKCδ) and PAK2 results in the generation of catalytically active fragments that translocate from the cytosol to the nucleus and promote chromatin condensation ( Figure 2 ). 104 The phosphorylation of histone H2B at Ser14 by Mst1 and PKCδ is the best known modification involved in chromatin condensation. [105] [106] [107] Additionally, caspase-mediated activation of acinus, a protein provoking chromatin condensation in the nucleus, leads to the enhanced kinase activity of PKCδ. 106 Consequently, the cleavage of acinus by caspases and its PKCδ binding acts as an amplification loop for chromatin condensation.
Moreover, nuclear PKCδ was suggested to facilitate apoptosis, not only promoting chromatin condensation but also via the phosphorylation of lamin B, DNA-PK, p53, TAp73 and Rad9. 108 In addition to the aforementioned kinases, several pro-apoptotic kinases, including Abelson murine leukemia viral oncogene homolog 1 (Abl) and dual-specificity tyrosine phosphorylation-regulated kinase 2 (DYRK2), undergo nucleocytoplasmic shuttling and contribute to the apoptotic response following genotoxic stress. 109 Normally, Abl is sequestered in the cytosol by 14-3-3 proteins and promotes cell survival. The caspase-mediated cleavage of Abl results in the separation of the kinase domain from the NES, which leads to its nuclear accumulation. 110, 111 Additionally, in response to DNA damage, Abl is phosphorylated by ATM and DNA-PK, whereas activated JNK phosphorylates 14-3-3, resulting in the entry of Abl into the nucleus. 112 Nuclear localization of full-length Abl is critical for DNA damage-induced apoptosis. 112 In the nucleus, Abl phosphorylates p53, TAp73, and other targets, promoting apoptosis ( Figure 2 ). Additionally, the Cdk inhibitors p21Cip1/Waf1, p27Kip1 and
Wee1 were demonstrated to be proteolytically inactivated by caspases in cells undergoing apoptosis, consequently triggering an increase in Cdk2 activity. 104 In contrast, Cdc25A, an activator of Cdk2, is activated by caspase-3 cleavage, generating NLS-containing fragment with enhanced phosphatase activity that is retained in the nucleus to induce the activation of Cdk2. 125 Similarly, another activator of Cdk2, Cyclin E, is also a caspase target 126 ; the cleavage of the fragment sequesters the Bax-binding protein Ku70, allowing the release of Bax from its inactive complex. 127 These findings collectively indicate that the caspase-mediated nuclear targeting of pro-apoptotic proteins might be a pivotal regulatory mechanism for cell fate that directly influences the induction of apoptosis. Caspases could control the nuclear level of apoptosis execution directly and indirectly, which underlies the importance of further analysis of the role of caspases as apoptosis regulators on a genetic level. Importantly, in many cases, caspase-mediated proteolysis results in the generation of proteins that not only lose their normal function, but also acquire a pro-apoptotic activity, and therefore, further facilitate the development of apoptotic cell death.
Hence, further investigations of the caspase functions in the nucleus will undoubtedly provide new views on the execution of apoptosis and pave the way for the development of new therapies against diseases with apoptosis deregulation.
| CON CLUS I ON S AND OUTLOOK
The degradation of the nucleus represents an important step and hallmark of apoptotic cell death that is crucial for impeding the release of potentially immunogenic nuclear proteins and nucleic acids into the extracellular space. 128, 129 Taking into account the key role of caspases in its accomplishment, their entry into the nucleus might constitute an important regulatory step during apoptosis. Targeting nucleocytoplasmic transport represents a new therapeutic avenue to treat cancers that display an aberrant protein subcellular localization. 130, 131 Given the broad effect of Ran-GTP levels on apoptosis, the Ran system could be a potential target for developing therapeutic reagents that promote or suppress cell death.
For instance, when Ran expression was suppressed specifically in neuroblastoma cells by siRNA in mice, both tumour growth and apoptosis were reduced. 132 Therapeutic agents that attempt to normalize or target protein localization are aimed at various regulatory components within the transport process, including the upstream regulatory components, cargo proteins, transport receptors, Ran regulators and the NPC itself. In some cases, compounds have been developed to successfully influence subcellular protein distribution in disease states, including CRM1 and importin α/ß inhibitors.
Further research aimed at better understanding the nuclear transport mechanisms will likely reveal novel targets for the treatment of cancer and viral infections. The ability to avoid apoptosis by regulating the cellular localization of key effector enzymes, rather than preventing activation of the apoptotic cascade, brings the possibility for novel therapeutic targets as well as other disease states where apoptosis is a key pathogenic factor.
In the course of apoptosis, caspases obtain access to the external nuclear components as they are located in the cytoplasm. An important part of promoting apoptosis is the active disruption of nuclear trafficking before the NE breakdown. It seems that apoptotic disturbances in the nucleocytoplasmic transport might allow the entrance of caspases to the nucleus. Importantly, the redistribution of Ran and other nucleocytoplasmic transport factors is not limited to the initiation of apoptosis, but is also observed in response to various stresses, both physiological and pathological.
The apoptotic changes of the Ran gradient might also play an essential role in the last stage of nuclear demolition. It is known that actin-myosin-II activity is crucial for the nuclear remodeling observed during the execution phase of apoptosis. 55, 133 During the latter stages of the execution phase, actin-myosin-II drives the movement of apoptotic nuclear fragments into surface blebs. 133 Given the close association between microtubules and nuclear fragments in apoptotic cells, 134 it is possible that factor(s) associated with or released from the apoptotic nucleus contribute to microtubule assembly. Thus, Ran-GTP is released from the apoptotic nucleus and retains its GTP status in the cytoplasm that might stimulate apoptotic microtubule assembly. Due to the continued association of RanGEF with apoptotic chromatin and the rapid loss of the NPC selectivity towards soluble components, 17, 135 a gradient of Ran-GTP would be established in the vicinity of the apoptotic nucleus, promoting microtubule growth and stabilization towards apoptotic nuclear fragments. Moreover, proteolytic cleavage of the C-terminus of α-tubulin may also contribute to apoptotic microtubule stabilization. These non-centrosomal microtubule arrays subsequently assist in the fragmentation of the apoptotic cell.
Thus, it became clear that cell death pathways may be regulated by nuclear transport at different levels and with different outcomes 
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